physiological techniques make use of Ag/AgCl electrodes that are in direct contact with cells or bath. In the bath, electrodes are exposed to numerous experimental conditions and chemical reagents that can modify electrode voltage. We examined voltage offsets created in Ag/AgCl electrodes by exposure to redox reagents used in electrophysiological studies. Voltage offsets were measured in reference to an electrode separated from the solution by an agar bridge. The reducing reagents Tris-2-carboxyethly-phosphine, dithiothreitol (DTT), and glutathione, as well as the oxidizing agent H 2O2 used at experimentally relevant concentrations reacted with Ag in the electrodes to produce voltage offsets. Chloride ions and strong acids and bases produced offsets at millimolar concentrations. Electrolytic depletion of the AgCl layer, to replicate voltage clamp and sustained use, resulted in increased sensitivity to flow and DTT. Offsets were sensitive to electrode silver purity and to the amount and method of chloride deposition. For example, exposure to 10 M DTT produced a voltage offset between 10 and 284 mV depending on the chloride deposition method. Currents generated by these offsets are significant and dependent on membrane conductance and by extension the expression of ion channels and may therefore appear to be biological in origin. These data demonstrate a new source of artifacts in electrophysiological recordings that can affect measurements obtained from a variety of experimental techniques from patch clamp to two-electrode voltage clamp. oxidation; reduction; electrode; Ag/AgCl; silver chloride; electrophysiology; ion channels; motion artifacts ELECTROPHYSIOLOGICAL MEASUREMENTS are feasible by the use of electrodes with defined redox (oxidation/reduction) reactions that allow the passage of current in solution. Current is passed in these electrodes by the generation and consumption of electrons following oxidation and reduction of the cathode and anode, respectively. An example of such electrodes is the Ag/AgCl electrode (silver chloride electrode). Ag/AgCl electrodes are universally used in techniques including two-electrode voltage-clamp, chopstick, or epithelial volt-Ohm measurements and patch-clamp and Ussing chamber measurements (27, 31, 39, 41) . Ag/AgCl electrodes are considered "nonpolarizable" and therefore have very stable potentials at a variety of currents (8). They are also reversible, meaning that they can pass current bidirectionally (11, 17) . Ag/AgCl electrodes are represented by the following reversible chemical reaction in Eq. 1A and a second half reaction in Eq. 1B, which occurs at the anode when electrolytically chloriding Ag/ AgCl electrodes, resulting in the complete reaction in Eq. 1C:
ELECTROPHYSIOLOGICAL MEASUREMENTS are feasible by the use of electrodes with defined redox (oxidation/reduction) reactions that allow the passage of current in solution. Current is passed in these electrodes by the generation and consumption of electrons following oxidation and reduction of the cathode and anode, respectively. An example of such electrodes is the Ag/AgCl electrode (silver chloride electrode). Ag/AgCl electrodes are universally used in techniques including two-electrode voltage-clamp, chopstick, or epithelial volt-Ohm measurements and patch-clamp and Ussing chamber measurements (27, 31, 39, 41) . Ag/AgCl electrodes are considered "nonpolarizable" and therefore have very stable potentials at a variety of currents (8) . They are also reversible, meaning that they can pass current bidirectionally (11, 17) . Ag/AgCl electrodes are represented by the following reversible chemical reaction in Eq. 1A and a second half reaction in Eq. 1B, which occurs at the anode when electrolytically chloriding Ag/ AgCl electrodes, resulting in the complete reaction in Eq. 1C:
anode:
combined: 2Ag ϩ 2HCl º 2AgCl ϩ H 2 (1C)
Ag/AgCl electrodes are usually stable and largely insensitive to the amount and duration of current measured in a biological experiment owing to the small magnitudes of the currents and voltages used in these measurements and the larger redox potential of the above reaction (222 mV; Ref. 26) . However, given their reversibility, they are susceptible in prolonged experiments to exposure of metallic silver leading to junctional effects, electrode instability and motion artifacts (48) . Further, to make electrical contact, Ag/AgCl electrodes are also exposed to the bath solution and to any of the reagents contained in this bath. In this case, these electrodes and the observed voltages are sensitive to reagents that can modify the redox reaction of Ag resulting in large (in terms of biological measurements) voltage offsets. Indeed, galvanic reactions with silver are established components of batteries (18) and are of potential interest in biological applications where Ag/AgCl electrodes are routinely exposed to a variety of redox modifying reagents. Unaccounted, these galvanic reactions and the ensuing offsets that can develop during the course of an experiment can lead to artificial currents, changes of conductance in rectifying channels, and changes of membrane holding potential. As shown below, these artifacts can under some circumstances be erroneously interpreted as biological in origin. Redox reactions are an important tool to study protein structure and function. When combined with electrophysiology, this can yield real time measurements of the interactions of amino acids within an ion channel or transporter. Redox reactions are important in the study of these integral membrane proteins because oxidation and reduction play a major role in protein folding and hence function (23) . Cysteines are particularly important for protein folding because of the sensitivity of thiol groups to redox reactions, as in the formation of disulfide bonds. Ion channels undergo dynamic changes in their conformation that alters the open probability and the single channel conductance. Therefore, redox reactions are an important tool for studying the functional significance of specific regions within ion channels.
A powerful tool to probe protein structure is to modify the interaction and accessibility of amino acids. Most common are those involving cysteines, and numerous reagents exist to oxidize or reduce this amino acid. In this case, bath electrodes are exposed to such reagents and are consequently sensitive to galvanic reactions with Ag/AgCl.
In this study we systematically test the hypothesis that galvanic reactions can occur in electrodes used in electrophysiology resulting in large offsets created by experimentally relevant concentrations of redox reagents commonly used to study ion channels. We further test factors such as Ag purity and chloriding methods to determine their contribution to these galvanic offsets and demonstrate that electrical depletion of AgCl or poor chloriding can lead to larger offsets and the appearance of flow-induced voltage changes. We further demonstrate that under voltage-clamp conditions, these voltage artifacts can lead to currents that are dependent on membrane conductance, leading to the appearance of a specific current of apparent biological origin. The effects we describe have the potential to impact and contaminate many electrophysiological recordings and provide a guideline for avoiding such artifacts.
MATERIALS AND METHODS
Chloriding. All electrodes were freshly chlorided immediately before use, unless otherwise indicated. Electrically chlorided electrodes were prepared by sanding 99.9 or 99.99% pure silver wire (Pierce, Rockford IL, and World Precision Instruments, Sarasota FL) depending on experimental conditions with fine crocus paper until lustrous. Unless otherwise noted, electrical deposition of chloride was performed by a 20-s immersion in 0.1 M HCl and application of a 9-V potential between the wire and a silver cathode. Electrodeposition occurs at voltages above the redox potential due to the two halfreactions described in Eq. 1.
With an HCl concentration of 0.1 M, these half-reactions have redox potentials E 0 of 0.222 V (Eq. 1A) and 0 V (Eq. 1B). To calculate the cell potential we use the Nernst equation, which results in a final cell potential of 0.222 V.
where 1 is the activity of the solid Ag and R, T, z, and F have their usual meaning and values. When driven above 222 mV, this reaction produces hydrogen gas at one electrode and a white AgCl coating at the other. Chemically chlorided wire was produced by sanding as above followed by a 30-min immersion (unless otherwise noted) in 6% sodium hypochlorite, NaOCl (Clorox, Oakland CA). Chloriding through this method occurs through a redox reaction whereby the silver is oxidized in the wire and the hypochlorite ion is reduced in the bulk solution. This reaction occurs spontaneously and is shown below.
Chloriding through this method produces a dark brown/grey color on the surface of the wire. A likely explanation for this difference from the electrolytic method of chloriding is a reaction producing AgOCl and other complexes between Ag and the chlorate (ClO 3 Ϫ ) and perchlorate (ClO 4 Ϫ ) ions that contaminate NaOCl (4). The first possibility, AgOCl, is likely shared with electrically chlorided silver as these wires tend to turn grey with time after the AgCl is oxidized to AgOCl. Sintered Ag/AgCl pellets of shape E206 were purchased from Warner Instruments (Hamden, CT). By definition, and unless otherwise not applicable, anode refers to the half reaction where electrons are generated, while cathode refers to the half reaction where electrons are consumed.
Chamber and recordings, electrode offsets. In experiments that did not utilize live cells, solutions were washed through a chamber with a capacity of 0.5 ml at a rate of 3.3 ml/min, with ϳ0.5 cm of a 0.5-mm diameter electrode exposed to solution. (5) .
Chamber and recordings, Xenopus oocytes. Epithelial Na ϩ channel (ENaC) expressing oocytes were obtained and used in two-electrode voltage-clamp recordings as previously described by Awayda (5) . Oocytes were impaled with glass electrodes with an ϳ2-M⍀ resistance. Reference electrodes were either electrolytically chlorided Ag/AgCl electrodes or the same electrodes coupled to the chamber by a pair of agar bridges as described above for measurements of voltage offsets. Oocyte experiments utilized the same ND-94 recording solution.
Reagents. Tris-2-carboxyethly-phosphine (TCEP) and dithiothreitol (DTT) were obtained from Pierce. TCEP and DTT were selected because of their relevance to physiological experiments. Both reagents are used to reduce disulfide bonds in the study of ion channel chemistry and structure-function. TCEP is sometimes preferred over DTT for reducing disulfide bonds because of its greater strength of reduction, hydrophilicity, and irreversibility (19) .
Hydrogen peroxide (H 2O2) was obtained at 50% purity from Fisher Scientific (Pittsburg, PA). Hydrogen peroxide is used in studies of oxidation of ion channels and especially of cysteine residues. It is also used in studies of oxidative stress and is present in most cells as a metabolic byproduct (20) .
Glutathione and zinc acetate were obtained from Sigma-Aldrich (St. Louis, MO). Glutathione can reduce or oxidize based on its own oxidation state and therefore functions as a redox buffer in biological systems. Glutathione was selected to test whether biological amino acid-based solutes are capable of reacting with Ag/AgCl electrodes in the same way as nonbiological reagents. Zinc is also known to modify histidines and is used to study the role of these amino acids in protein structure and function. Zinc provides an oxidizing agent that can modify the redox status of silver.
Statistical significance was determined using Student's t-test. A P Ͻ 0.05 was deemed as the point of significance.
RESULTS
Effects of TCEP and glutathione. Ag/AgCl electrodes are the single most common type of electrode used in electrophysiology. We systematically tested the effects of oxidation and reduction reagents on four types of silver-based recording electrodes. These electrodes include the following: 1) electrically chlorided silver, 2) chemically chlorided silver, 3) sintered silver chloride pellets, and 4) bare silver wires. A fifth method of producing Ag/AgCl electrodes involves dipping Ag into a molten AgCl. However, this method was not tested because of the rarity of its use in electrophysiology.
We tested each of these electrodes with the reducing reagent TCEP at 500 M (6, 45) to determine if the method of chloriding affected the offset produced by reduction. TCEP is used in electrophysiology experiments to reduce disulfide bonds in situations where a reducing reagent, which is less membrane permeable than DTT, is required. Moreover, TCEP provides a stronger reducing reagent than DTT at pHs Ͻ8 (19) .
The range of electrode conditions used experimentally also includes poorly chlorided electrodes that may have been left in solution overnight or never chlorided at all. To encompass the maximum range of experimental conditions, we also tested electrically chlorided Ag/AgCl electrodes left in solution for 10 -24 h (aged electrodes) in addition to bare Ag wire. Leaving the Ag/AgCl electrodes in solution replicates the multiple use scenario where the Ag/AgCl electrodes are not changed in between individual experiments rendering this electrode susceptible to photo reduction, dissolution of AgCl salt into the solution, and partial depletion of the AgCl layer from electrolytic reversal of the reaction in Eq. 1A during the course of experiments.
As shown in Fig. 1 , TCEP caused a voltage offset of 77 Ϯ 1.2 mV (n ϭ 8) and 71.8 Ϯ 0.75 mV (n ϭ 8) for the aged and bare Ag/AgCl electrodes and Ag wire, respectively. This indicates that poorly chlorided or aged and used electrodes behave very similar to bare silver electrodes. These offsets were much larger than those observed with freshly chlorided Ag/AgCl electrodes and sintered pellets, indicating that TCEP likely reacts with metallic silver or its silver oxide byproduct and that the AgCl coating is likely protective from the effects of TCEP on silver and that this protection degrades with exposure to aqueous solutions.
The sintered Ag/AgCl pellet and chemically chlorided wire produced offsets with TCEP of 2.4 Ϯ 0.8 and 2.5 Ϯ 0.5 mV, respectively (n ϭ 8 both groups). The electrically chlorided wire produced an offset of 5.7 Ϯ 0.4 mV (n ϭ 8). No offset was seen if the Ag/AgCl electrode was separated from the solution by an agar bridge (not shown). In general, all of the methods we tested for the production of Ag/AgCl electrodes were subject to significant offsets. Ag/AgCl electrodes are therefore susceptible to voltage offsets produced by reduction by TCEP with the largest offsets produced by electrodes that expose metallic silver or its byproduct silver oxide.
Many experiments also may make use of biological reducing reagents. To examine the effect of such reagents on Ag/AgCl electrodes we tested the effects of glutathione; a tripeptide with a cysteine at its center. In glutathione's oxidized form, this cysteine acts as an electron donor and thus reducing agent. Biologically, glutathione can act as either a reducing or oxidizing agent depending on if it is itself already oxidized by forming a disulfide bond with another glutathione peptide. Glutathione acts as an endogenous biological buffer to modify the redox reactions and disulfide bond formation and protein folding in the endoplasmic reticulum (14, 34) . Therefore, glutathione is commonly used to examine the redox state of proteins. Five mM glutathione produced an offset of 8.9 Ϯ 0.9 mV (n ϭ 4) with a chemically chlorided electrode ( Fig. 1 ) and 58.18 Ϯ 19.23 mV for bare wire. This indicates that biological molecules, which may contain suitable reactive amino acids, may also react with Ag/AgCl electrodes yielding appreciable offsets.
Effects of DTT. Cleland's reagent or DTT is another reducing agent commonly used in electrophysiological experiments. DTT is used in the range of 0.5 to 10 mM to reduce disulfide bonds (12, 24, 36) . At 10 mM, the offsets produced were too large to allow accurate recording in our setup and therefore we examined the lower end of commonly used concentrations and chose to test the effects of 1 mM DTT.
As shown in Fig. 2A , 1 mM DTT caused offsets of 109 Ϯ 25 mV (n ϭ 8) and 284 Ϯ 13 mV (n ϭ 8) in 99.9 and 99.99% pure silver wire. This indicates that besides the reaction of DTT with Ag, impurities in the silver wire (e.g., copper; Ref. 10) may also react with DTT to form offsets of the opposite direction thereby slightly reducing the overall observed voltage. Nonetheless, and irrespective of the reaction with impurities, these results demonstrate a marked effect of this reducing reagent on poorly chlorided or bare silver wires.
Smaller, but significant, offsets were also observed with freshly chlorided silver wires (Fig. 2B ). These offsets averaged 7 and 15 mV for electrically and chemically chlorided wires, respectively. These data indicate that like TCEP, DTT is also capable of producing large offsets in even the more carefully produced and freshly chlorided Ag/AgCl electrodes.
Time sensitivity-. Because the reaction of Ag/AgCl electrodes to DTT showed appreciable time sensitivity, we tested the change in voltage offsets over time. To simulate a voltage clamp and electrical usage of the deposited layer of AgCl, a Ϫ80-A current was applied to electrodes in solution over the course of 5 h as voltage was measured. To determine how the sensitivity to redox reagents changed over time, 1 mM DTT was washed in and out of the chamber at ϳ20-min intervals for ϳ5 min (Fig. 3 ). Electrodes were chlorided for 1 or 60 s. In those chlorided for 60 s (Fig. 3A) and after ϳ3 h, the chemically chlorided Ag/AgCl electrodes developed a voltage offset. The magnitude of this offset increased at a rate of ϳ100 mV/h. Concurrently, sensitivity to reduction by DTT also increased and approached that observed with the bare silver wire (P Ͻ 0.005). This effect was not observed with the electrodeposition method of forming AgCl. We hypothesized that these electrodes remained stable until enough AgCl was depleted to expose bare silver to DTT. In this case, the chemically chlorided wire had a much lower capacity for AgCl and earlier depletion time than that electrically chlorided for 60 s. This hypothesis was tested by examining the time-dependent offset in electrodes chlorided for 1s (Fig. 3B) . Under these conditions, the chemically chlorided wire began to show an offset first followed by the electrically chlorided wire, and both eventually developed a 100-mV offset. These data indicate that the sensitivity of Ag/AgCl electrodes to reduction by DTT is dependent on the amount of exposed silver, which is in turn dependent on the time that the electrodes have been in use and the duration and method of chloriding. Therefore, it is expected that based on the degree of exposed silver, electrodes that may appear to be visually chlorided may develop very large offsets capable of producing appreciable currents under voltage-clamp conditions as outlined in the discussion.
Effects of chloride. To compensate for offsets generated by changes in chloride concentration in experiments using chloride salts we tested the response of electrically chlorided and bare silver wire to varying concentrations of NaCl. Figure 4A shows the response of an electrically chlorided Ag/AgCl electrode to logarithmic changes in NaCl concentrations. Our measured results for electrically chlorided and bare wire indicate an electrode response of 38 and 10 mV/decade, respectively (Fig. 4B) .
Ag/AgCl electrodes are known to respond to chloride in a manner than can deviate from a pure Nernstian potential based on the binding of Cl Ϫ in the aqueous phase to the Ag in solid phase in the electrode (35) . This effect holds true for metaloxide electrodes as well. Therefore, experiments using Cl Ϫ compensated for its offset by subtracting the offset due to Cl Ϫ as predicted by Eqs. 4A and 4B obtained from the best fit to the experimental data.
Effects of H To simulate use and deplete the layer of deposited AgCl, a Ϫ80-A current was applied to each electrode for the 4 -5 h experimental duration. At ϳ15-min intervals, DTT was applied for 3-5 min as shown by the scale bar at the bottom. A: electrodes chlorided for 60 s showed no initial effects of DTT for up to 3 h. After this time period, the chemically chlorided Ag/AgCl electrodes developed a Ͼ200-mV offset with no effects on the electrically chlorided electrode. B: electrodes chlorided for 1 s showed large offsets in response to DTT with the chemically chlorided electrode developing an offset first. In both cases the electrodes developed offsets were similar in magnitude to those observed with bare silver wires; n ϭ 4 in each group. ] on Ag/AgCl electrodes (see Fig. 4 ), the effects of acidic solutions were adjusted to account for the offsets due to the chloride ions.
As shown in Fig. 5 , the offset due to pH on electrically chlorided wire was sigmoidal. In the range of pH 4 -11, the voltage of the electrode was stable and exhibited a slope of 0.46 mV/pH unit between pH 4 and pH 11. Outside these values, pH Ͻ4.0 and Ͼ11.0 changes of pH caused marked effects on the Ag/AgCl electrodes with offsets up to 80 mV observed (V offset ϭ 76.94 Ϯ 4.02 mV at pH 1). At the extreme end of the pH scale, the time constant of the exponential decay or rise of V offset was 0.82.
The results for bare wire (Fig. 4) indicated a steeper slope between pH 4 and 11 (5.71 mV/pH unit). At pH Ͻ4 the offsets were larger, while at pH Ͼ11 V offset was opposite in direction, possibly due to an effect of OH Ϫ . The maximum observed offset on bare wire at pH 1 was 153.77 Ϯ 3.74 mV. Given these results, it is likely that most experiments modulating pH within physiological conditions are subject to minimal electrode artifacts; however, this only holds true in the case of very well-chlorided reference electrodes.
Effects of oxidizing agents. We tested the effects of the oxidizing agent H 2 O 2 (Fig. 6 ). Hydrogen peroxide is used in many experiments that examine the effects of biological oxidation and free radical formation (15, 16, 42, 43) . Two concentrations were Voltage offsets produced by exposure of different electrodes to oxidizing agents. Two oxidizing agents were examined: H2O2 and ZnCl, and offsets were examined in electrically chlorided Ag/AgCl electrodes and bare wires. Although both reagents produced significant offsets, the effects were much smaller than those seen with the reducing agents. See text and discussion for additional details; n ϭ 4 -8 in each group. selected: 300 M for its experimental and biological relevance (28, 43) and 10 mM to obtain better resolution when testing the effects of chloride deposition. Offsets at biologically relevant concentrations were small (Ϫ0.48 Ϯ 0.06 mV; n ϭ 4). The effect produced an offset of opposite polarity to that seen with the reducing reagents. Further, these effects were also sensitive to the quality of the chloride deposition where the offset voltage in bare wires was nearly threefold higher. These results are consistent with our results from the reducing reagents TCEP, DTT, and glutathione, indicating that the offsets observed are likely due to redox reactions with metallic silver.
In addition to H 2 O 2 , we also examined the effects of zinc, another established oxidizing agent. Zinc, because of its known interactions with histidines (30, 32, 44) , is routinely used to examine the roles of these amino acids in ion channel function. We examined zinc chloride at physiologically relevant concentrations, adjusting for the offset due to chloride. As shown in Fig. 6 , zinc produced offsets with the same polarity as H 2 O 2 and opposite to those seen with the reducing agents. The effects with bare wire were also approximately threefold higher, indicating a reaction with metallic silver and a role of electrode aging in the development of larger offsets.
These data indicate a similar but opposite voltage offset produced by oxidizing agents compared with reducing agents. In all cases, the oxidizing agents produced a smaller offset than that observed with reducing agents. This is likely due to the immediate oxidation of the chlorided silver electrodes due to ambient oxygen, which would further underestimate the effect of any additional chemical oxidation (11) .
Effects of ammonium chloride. The ammonium ion is a high concentration endogenous biological molecule that can form salt complexes with chloride. High concentrations of ammonium are present in the kidneys, and ammonium-based buffers represent a major mechanism for H ϩ excretion by the kidneys (33, 46) . Ammonium also shuttles between the kidneys and the liver as means of providing high concentrations of these ions to allow excretion of buffered excess H ϩ (2, 3, 37) . Ammonium is also a critical component of the ammonium prepulse technique, a procedure used to allow intracellular pH changes (7) . Therefore, ammonium represents a highly relevant biological molecule with special interest for its effects on ions channels and transporters.
The effects of ammonium chloride are shown in Fig. 7 . To separate the effects of ammonium from chloride, we first examined the effects of 50 mM NaCl followed by 50 mM NH 4 Cl. With electrically chlorided Ag/AgCl electrodes, the offset due to ammonium was 2.14 Ϯ 0.63 mV (n ϭ 4). With bare wire, the offset produced was 8.84 Ϯ 1.88 mV (n ϭ 4).
Effects of flow. Silver electrodes, in the absence of AgCl or when poorly chlorided, are known to be sensitive to motion artifacts (29, 48) . These effects of electrode or solution movement occur in polarizable electrodes due to a double layer of charged ions that accumulates at the interface of the electrode (Ag ϩ and Ag ϩ Cl Ϫ ) and the electrolyte solution (Cl Ϫ ). Mechanical perturbations of this double layer can then lead to changes in the half-cell potential of the electrode and marked offsets (9) . In these electrodes, it is expected that voltage offsets would be highly dependent on solution flow. Gone undetected, such offsets and the resulting currents may then be interpreted as flow-dependent effects on ion channels and/or mechanosensitivity.
To test the effects of mechanical perturbations on Ag/AgCl electrodes we examined the effects of flow on the voltages generated in these electrodes compared with those separated from solution by an agar bridge. Also, to determine the extent to which Ag/AgCl electrodes developed sensitivity to flow or motion artifacts over time or use, we examined the time course of these offsets in electrodes where the deposited AgCl was gradually depleted by an applied Ϫ80-A current.
As shown in Fig. 8 , freshly chlorided Ag/AgCl electrodes exhibited a consistent offset in response to flow that averaged 7.75 Ϯ 1.63 mV. Partial depletion of AgCl caused an increase of this offset to 107.65 Ϯ 30.30 mV, representing a Ͼ13-fold change in the effect of flow on these electrodes. By comparison, no significant changes were observed in agar electrodes. As shown in the discussion, these offsets and their linear dependence on membrane conductance can lead to currents that mimic those of biological origins leading to an erroneous interpretation, in this case an effect of flow on ion channels.
Apparent biological effects. To test if the voltage offsets generated by redox reactions can alter the interpretation of biological data we examined the electrophysiological response of oocytes expressing the ENaC. Shown in Fig. 9 are the current traces in response to voltage pulses between Ϫ100 and ϩ40 mV from a holding potential of 0 mV. Experiments tested the effects of 10 M DTT. Two sets of experiments were carried out as follows: 1) those that utilized electrically chlorided Ag/AgCl electrodes separated from the bath by agar bridges (Fig. 9, A and B) , and 2) those that utilized poorly chlorided Ag/AgCl electrodes directly exposed to the bath and DTT (Fig. 9, C and D) . At 10 M, DTT caused minimal to no effects on ENaC. This was evident from the raw data shown in Fig. 9 , A and B, in cells clamped using an agar bridge. On the other hand, the currents in oocytes clamped with poorly chlorided Ag/AgCl electrodes were larger after DTT, leading to the erroneous interpretation of stimulation of ENaC.
This effect is also illustrated by the summary data in Fig. 9 , E and F. Data in Fig. 9E were summarized as the mean change of current at each holding voltage, while those in Fig. 9F were summarized as the mean change of the slope conductance at 0 and Ϫ100 mV, two commonly used summary points for slope conductance measurement. As shown in Fig. 9 , E and F, both methods indicate an erroneous and significant stimulation of ENaC by DTT in experiments that utilized exposed Ag/AgCl electrodes. Therefore, given the rectifying nature of the ENaC current-voltage relationship, both methods of examining ENaC activity (current and slope conductance) are sensitive to redox reaction-induced voltage shifts.
DISCUSSION
We examined effects of redox reagents on silver chloride electrodes. Experiments utilized chemical as well as biological redox reagents. In all cases, Ag/AgCl electrodes developed consistent voltage offsets that were opposite in magnitude for oxidation and reduction. These artifacts can be markedly, although not completely, attenuated by thorough chloride deposition at the start of each experiment. Further, the effects of fresh chloriding could be reversed by electrode use and were dependent on the amount of AgCl deposited. This resulted in a time-and use-dependent sensitivity of the electrodes to redox reagents. Electrodes also exhibited large offsets due to solution flow that were further increased by Ͼ13-fold when AgCl was depleted. In electrophysiological experiments with live cells, these offsets can lead to changes of whole cell currents and conductance, which can be erroneously interpreted as significant biological effects. Altogether, these results demonstrate the ineffectiveness of Ag/AgCl electrodes in experiments examining redox and flow effects and point to a source of artifacts that can under some circumstances be interpreted as biological in origin.
Interpretation as possible biological changes. A hallmark of a specific biological response is its absence in null cells or its block by a specific channel blocker. However, as we demonstrate in Fig. 9 , the redox reaction offsets can pass such criteria. In understanding this effect we used the example of a single cell, an ENaC-expressing oocyte. Similar rationale can be used for other cells expressing various ion channels measured by a variety of electrophysiological techniques that utilize Ag/AgCl electrodes.
In ENaC-expressing oocytes, the majority of membrane current (I m ) and resistance (R m ) is blocked by amiloride (5). On average, ENaC expressing oocytes examined 2-3 days after injection exhibit an R m of ϳ10 k⍀. Following the addition of amiloride, I m and R m approach values of those in control uninjected oocytes, which in the case of R m is ϳ1 M⍀. Assuming for the sake of simplicity a hypothetical Na ϩ reversal potential of 0 mV, a redox-induced electrode shift of Ϯ20 mV would introduce an offset current (I offset ) predicted by Ohm's law of 2 A. If recordings of I m were carried out at Ϫ40 mV, the addition of the redox reagent would shift the driving voltage from Ϫ40 mV to either Ϫ60 or Ϫ20 mV resulting in a stimulation or inhibition of I m from 4 A to either 6 or 2 A. More importantly, this current, or at least 99% of it given the values of R m , would appear to be sensitive to amiloride as this blocker would increase R m from 10 K⍀ to 1 M⍀ and decrease I offset to 0.02 A leading to a change of I m to 4.02 or 3.98 A.
This predicted artifact was demonstrated experimentally in Fig. 9 . In Fig. 9 , we show the changes to I m with 10 M DTT in electrodes exposed directly to the bath solution or separated by an agar bridge. In this case, this effect appeared as a stimulation of ENaC based on the polarity of this offset. These effects were also amiloride dependent, (not shown) and are therefore likely to be interpreted as biological in origin. Adding further confidence to the interpretation of a biological effect of DTT is that the changes of I m would also appear to be reversible and dependent on channel expression levels and essentially absent from control oocytes. Further examination of these data would also lend credibility to the interpretation of a biologic effect of DTT. For example, a 20-mV shift of holding potential would modify the Na ϩ loading of oocytes during the course of an experiment and can subsequently modify the self and feedback inhibition of this channel by Na ϩ (1) leading to the interpretation of an effect of this reducing agent on an intrinsic channel property. This shift of V m would also be expected to modify the kinetics of amiloride block as it is well established that it is the charged form of amiloride that blocks the channel and that blocking efficacy is voltage dependent (47) leading to an apparent shift in the K i for amiloride with DTT.
The above calculations can yield larger or smaller changes of I offset depending on the ionic reversal potential of the channel being studied. Taking the reversal potential into account can further skew I offset , especially if accompanied by changes of ionic reversal. If we consider the relationship between driving force and current:
The effect of a shift in V m due to V offset and the fractional change of I is E rev dependent and follows a modified version of the above equation:
In this case a change from Ϫ40 to Ϫ20 mV represents a 50% change in I if E rev was 0 and would represent a 67% change of I if E rev was Ϫ10 mV because the net driving force would change from 30 to 10 mV. This effect would then be sensitive to any changes that modify E rev further ascertaining the biological origin of this response. Given this and other problems discussed above, measurements of current alone are highly sensitive to artifacts due to changes in reversal potential over the course of an experiment, or in between cells. As observed in Fig. 9 , measurement of conductance in this case does not entirely alleviate the problem. If the currentvoltage relationship is linear, then it is expected that conductance would not be subject to these voltage artifacts. However, many ion channels exhibit a rectified current-voltage relationship either as an inherent channel property or following a Goldman type rectification due to the differences in the concentration of the permeant ions in the inner and outer mouths of the channel (21, 22, 49) . In the example in Fig. 9 , we show the ENaC currents in response to voltage trains between Ϫ100 and ϩ 40 mV. It can be easily seen that a shift in holding potential due to the summation of V m and V offset can lead to apparent changes of g m in an ENaC specific manner. This effect is especially evident at Ϫ100 mV (Fig. 9, E and F) . The artifact would be further exaggerated in voltage-gated channels in which a 20-mV offset can drive the channel to hyper or hypo excitability causing marked effects on channel kinetics. These offsets can also lead to the activation or inactivation of endogenous channels further confounding the interpretation of these results. For example, oocytes contain an endogenous cation channel that is activated by prolonged depolarizing holding voltage of Ͼ20 mV (25, 40) .
The above examples hold true for any source of voltage offset. As demonstrated in Fig. 8 , Ag/AgCl electrodes are sensitive to motions artifacts that can lead to changes of driving force as a result of flow. As predicted by Eq. 5, these effects of flow would then lead to effects on current and the interpretation of channel mechanosensitivity. These effects may even appear to be knocked out or modified by channel-specific mutations, if such mutations caused changes to channel expression and/or conductance.
Reaction chemistries. Because the reaction of the redox reagents with the electrode is decreased by the presence of an AgCl coating, it is likely that a reaction is occurring between the Ag in the wire and the redox reagent. When DTT reduces AgO to Ag, it is itself oxidized to form a more stable ring structure that contributes to its strength as a reducing reagent (13) . Each of the reactions we propose requires a change in the redox state of Ag, between Ag(I), and Ag(II), to Ag. These states exist as the oxides of silver, AgO, or Ag 2 O and likely exist in an equilibrium with Ag due to exposure to atmospheric oxygen or dissolved oxygen in experimental solutions (11) . For simplicity, we delineate the reaction with Ag(I) or AgO rather than Ag 2 O, although both reactions are likely and follow similar chemistries. Similarly, TCEP reduces disulfides by reaction with water and the disulfide, producing RSH groups and conjugating the oxygen to its phosphine group (38) . We propose that in this case phosphine is reducing AgO directly to Ag in a reaction similar to DTT.
Glutathione can reduce or oxidize depending on the state of the thiol group in its central cysteine (34) . When glutathione is in its oxidized state, it can form dimmers of glutathione disulfide and the equilibrium between glutathione and glutathione disulfide buffers redox reactions biologically (34) . We propose that under ambient oxygen glutathione acts as a reducing agent and follows a similar reaction to the other reducing agents examined leading to reduction of silver oxide to metallic silver.
The oxidation reaction produced offsets of opposite direction to those observed with TCEP, DTT, and glutathione. The magnitudes of these offsets were also much lower than those observed with the reducing reagents. This is likely due to the fact that existing high levels of atmospheric oxygen is already driving the reaction in the direction of oxidation and therefore minimal further effects are observed with further oxidation. The reaction chemistries for the oxidizing agents are shown below.
Reaction chemistries of zinc with silver oxide are well established and are the main component of small "cell" batteries (18 Conclusion. Our data support the effects of flow on Ag/AgCl electrodes and reactions of electrophysiological bath solutions with Ag and Ag oxides, which result in offsets in the measured voltage. These offsets may appear to be channel specific and accompanied by changes of channel current. These offsets can also exhibit diverse effects on channel activation, blocker kinetics, rundown, and conductance further lending credibility to their biological nature. In most cases, these electrode artifacts can be eliminated by the use of an agar salt bridge to isolate the Ag/AgCl electrodes from the bath solution.
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